Long carrier lifetimes and diffusion lengths form the basis for the successful application of the organic-inorganic perovskite (CH 3 NH 3 )PbI 3 in solar cells and lasers. The mechanism behind the long carrier lifetimes is still not completely understood. Spin-split bands and a resulting indirect band gap have been proposed by theory. Using near band-gap left-handed and righthanded circularly polarized light we induce photocurrents of opposite directions in a single-crystal (CH 3 NH 3 )PbI 3 device at low temperature (4 K). The phenomenom is known as the circular photogalvanic effect and gives direct evidence for phototransport in spin-split bands. Simultaneous photoluminecence measurements show that the onset of the photocurrent is below the optical band gap. The results prove that an indirect band gap exists in (CH 3 NH 3 )PbI 3 with broken inversion symmetry as a result of spin-splittings in the band structure. This information is essential for understanding the photophysical properties of organic-inorganic perovskites and finding lead-free alternatives. Furthermore, the optically driven spin currents in (CH 3 NH 3 )PbI 3 make it a candidate material for spintronics applications.
Organic-inorganic perovskite semiconductors (OIPS) show remarkable potential for applications in highly efficient thin-film solar cells [1] [2] [3] and nanolasers [4] . Unusually long carrier lifetimes [5, 6] and diffusion lengths [7, 8] form the basis of their exceptional performance in optoelectronic devices. Strong spin-orbit coupling due to the constituting heavy elements [9] [10] [11] [12] and a resulting slightly indirect band gap have been proposed as origin of the observed long carrier lifetimes [13] [14] [15] . The direct-indirect character of the band gap of (CH 3 NH 3 )PbI 3 was recently evidenced experimentally [16, 17] . Direct experimental evidence for spin-orbit coupling as the origin of the indirect band gap, however, is still missing to the best of our knowledge.
To gain insight into the mechanism giving rise to the indirect gap of (CH 3 NH 3 )PbI 3 , we excite photocurrents with left-handed and right-handed circularly polarized light as illustrated in Fig. 1 (a) . In the absence of spin-orbit coupling the direction of the excited photocurrent does not depend on the helicity of the incoming light. The spin structure of the electronic band structure causes differences in the optical transition matrix elements as illustrated in Fig. 1 (b) . For opposite helicity of the light the group velocity of carriers is reversed and spin-polarized currents of opposite direction are induced [18, 19] . They enhance or reduce the overall photocurrent, respectively. The effect is known as the circular photogalvanic effect. It has been observed experimentally in GaAs/AlGaAs quantum well structures [20] , in wurtzite semiconductors such as ZnO [21] and GaN [22] , in transition-metal dichalcogenides [23] , and in the topological insulator Bi 2 Se 3 [24] . A circular photogalvanic effect of measurable magnitude has been predicted [25] for (CH 3 NH 3 )PbI 3 . Previously, circular dichroism has been found in optical [26] and electron spectroscopy [27] experiments on OIPS.
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where the light is circularly polarized and the component of s-polarized light is the largest.
The variations may result from differences in reflectivity at the surface of the OIPS due to changing contributions of p and s-polarized light, from anisotropies in absorption along the crystalline directions associated with s and p polarization, and from a linear photogalvanic effect [28] . Since differences in the photocurrents excited with s-polarized light and circularly polarized light with p-components can occur in any material and their interpretation is complex, they will not be in the focus of our discussion. However, it is worth noting that a linear photogalvanic effect necessarily goes hand in hand with the circular photogalvanic effect [24, 28] . [20] [21] [22] [23] [24] . It implies that spin currents are driven by photoexcitation with circularly polarized light, as indicated in Fig. 1 (b) . Light of different helicity couples to opposite branches of the spin-split band structure in k-space. Since the opposite branches do not only carry electrons of opposite spin orientation, but also of reversed group velocity dE/dk, spin-polarized currents are induced along opposite directions.
We observe a modification of the overall photocurrent by ± 1.5%. The amplitude of the circular photogalvanic effect relative to the average photocurrent is given by red symbols in Fig. 3 (a).
The photocurrent (normalized to electrons/photon) is shown as black dots connected by lines to guide the eye in Fig. 3(a) . The onset of the photocurrent is well described by a fourth-power dependence on energy starting at 1.56 ± 0.01 eV. The large exponent can be understood as the result of an indirect band gap in combination with a low density of states of OIPS at the band edges [27, 29] . A small current flows for photon energies below the onset because of the applied bias voltage. Note that the circular photogalvanic effect sets in right at the onset of the photocurrent. The photocurrent reaches its maximum at 1.62 eV photon energy which may be taken as an estimate for the direct band gap. This results in a difference between the direct and indirect gap of 60 ± 15 meV in agreement with literature [16, 17, 30] . The circular photogalvanic effect proves that the spin-orbit coupling of the Rashba effect is responsible for the indirect band gap in (CH 3 NH 3 )PbI 3 .
In order to corroborate the assignment of the direct band gap we performed in situ photoluminescence (PL) measurements on the sample at 4 K. A comparison of photocurrent excitation and PL spectra is given in Fig. 3 . The low-temperature PL spectrum of (CH 3 NH 3 )PbI 3 consists of a high-energy emission feature at 1.64 ± 0.01 eV, a second peak at 1.61±0.01 eV, and broad low-energy continuum emission with a maximum at 1.56±0.01 eV, in agreement with previous reports [31] [32] [33] [34] . The positions of the maxima are indicated by magenta tick marks in Fig. 3(b) . Following the literature [32] , we assign the highestenergy peak at 1.64 eV to the optical band gap of orthorhombic (CH 3 NH 3 )PbI 3 . The value matches the optical band gap found from magneto-absorption measurements [35] . Emission and absorption at lower photon energies have been attributed to excitons localized at defects [32, 33] and to coexisting structural phases [31, 34] . The assignment of optical transitions to bound or free excitons is difficult based on optical spectroscopy alone.
Connecting the PL spectroscopy to the transport measurements at low temperature, we find that currents are generated with photon energies as low as 1.56 eV, demonstrating that free excitons are excited at these photon energies. We attribute the photocurrent to tetragonal [34, 36] and low-symmetry orthorhombic [31] domains coexisting with the lowtemperature, inversion-symmetric orthorhombic phase. The photocurrent has a maximum at 1.62 eV which coincides with the second PL emission peak, indicating an allowed optical transition. We assign the maximum to the direct gap of the tetragonal and low-symmetry orthorhombic domains, in good agreement with the value of 1.61 eV found from magnetoabsorption on tetragonal (CH 3 NH 3 )PbI 3 [35, 37] . The photocurrent drops by 40% as the photon energy exceeds the optical gap of 1.64 eV of orthorhombic (CH 3 NH 3 )PbI 3 . A smaller photocurrent in orthorhombic (CH 3 NH 3 )PbI 3 than in the tetragonal phase has been reported before and assigned to less efficient generation of free excitons [16] . Note that the amplitude of the circular photogalvanic effect also drops in the energy range when the inversion symmetric low-temperature orthorhombic phase contributes to the photocurrent.
The observed circular photogalvanic effect unambiguously identifies spin splittings in the band structure as the origin of the indirect gap. A slightly indirect band gap by 47 meV was reported for tetragonal (CH 3 NH 3 )PbI 3 resulting in an enhanced lifetime of photoexcited carriers as compared to the direct band-gap orthorhombic phase [16] . The lifetime enhancement was found to be absent in the low-temperature orthorhombic phase. While calculations point towards Rashba and Dresselhaus type spin splittings as the origin of the slightly indirect gap [9] [10] [11] [12] 17] , experimental evidence for this interpretation is, to the best of our knowledge, lacking. Requirements for spin splittings are spin-orbit coupling and absence of inversion symmetry. It is worth noting that Rashba and Dresselhaus spin splittings are caused by the local environment of the atoms in the unit cell rather than by the average, long-range symmetry of the crystal [38] . A Rashba-type spin-split band structure was found in the valence band at the surface of related (CH 3 NH 3 )PbBr 3 perovskite using angleresolved photoelectron spectroscopy [27] . Surfaces break inversion symmetry inherently and enhance Rashba splitting. Observation of the circular photogalvanic effect demonstrates that spin-splittings occur in the bulk of (CH 3 NH 3 )PbI 3 on a length scale relevant for carrier transport. We find a stronger effect at low photon energies than for higher ones. The corresponding transitions can be assigned to tetragonal and low-symmetry orthorhombic domains (< 1.64 eV) and to the inversion symmetric low-temperature orthorhombic phase (≥ 1.64 eV), respectively. For the latter, a prominent photogalvanic effect is not expected.
The former, in contrast, has a locally broken inversion symmetry at all temperatures [39, 40] .
The spin splittings in the band structure observed here at 4 K are hence expected to persist for temperatures up to room temperature, as implied also by the strong circular dichroism found in optical spectroscopy at room temperature [26] .
The observed difference between the optical and the transport gap of 60 ± 15 meV of tetragonal (CH 3 NH 3 )PbI 3 is large enough to pose an energetic barrier for electron-hole-pair recombination even at room temperature. Activation energies of 75 meV [30] and 47 meV [16] for radiative recombination were reported previously, in good agreement with our results.
Calculations find a value of 75 meV as a result of spin-splittings in the band structure of (CH 3 NH 3 )PbI 3 [15] . They predict an increasing splitting with increasing temperature, in agreement with optical spectroscopic results obtained from related (CH 3 NH 3 )PbBr 3 single crystals [41] .
Our results clarify the mechanism behind the indirect character of the band gap of (CH 3 NH 3 )PbI 3 . This helps to understand the excellent performance of OIPS in optoelectronic devices and provides a design rule for less toxic alternatives to (CH 3 NH 3 )PbI 3 . Lifetime enhancements by a factor of 10 to 350 have been predicted as the result of Rashba-type spin splitting restricting optical transitions [13] [14] [15] , making it an essential ingredient to the observed long carrier diffusion lengths. [16] Spin splittings of this magnitude do not only enhance carrier lifetimes. They also allow to optically drive spin currents [42] [43] [44] in the system. The spin splitting of 60±15 meV is similar to the strongest ones found in known bulk Rashba systems, such as BiTeX (X = Cl [45] , Br [46] , I [47] ) and GeTe(111) [48] . In contrast to these materials, (CH 3 NH 3 )PbI 3 has a band gap in the near-infrared range making it a candidate material for opto-spintronics applications [43] . Additional applications become possible if structures with a switchable ferroelectric polarization can be grown [49, 50] , as they have been found at the surface of (CH 3 NH 3 )PbI 3 [51] , where the Rashba splitting in organic-inorganic perovskite is further enhanced [27] .
We find a measurable circular photogalvanic effect of ±1.5% in rather large devices with a channel width of 1 mm. Significant spin currents can be expected when device dimensions are reduced to the spin transport length. From magneto-transport and magnetooptical experiments, a spin-lattice relaxation time τ of 200 ps was estimated for spin-cast (CH 3 NH 3 )PbI 3 thin films [52] . Carrier diffusion coefficients in (CH 3 NH 3 )PbI 3 thin films are around D = 0.05 cm 2 s −1 [7, 53] , translating into a spin diffusion length l = √ D · τ = 30 nm.
The carrier diffusion constant in single crystals is larger than in thin films by a factor of ≈ 20 [8, 53, 54] , and also the spin relaxation time can be expected to be enhanced. Spin diffusion lengths of hundreds of nanometers may hence be achieved in OIPC single crystals. desorbs from (CH 3 NH 3 )PbBr 3 in vacuum just above room temperature [27] and speculatively assign the degradation of (CH 3 NH 3 )PbI 3 to the same mechanism.
Photocurrent and photoluminescence measurements. Photocurrents are excited with a Ti:Sa laser in cw mode. Laser powers are around 3 mW with a Gaussian spot radius of 0.3 mm. The voltage applied to the device is swept between −0.5 V and +0.5 V to avoid slow changes [56, 57] in the structure of (CH 3 
